We investigate the application of the photogrammetric approach to measuring the vibration of a model wind turbine in a sequence of stereo image pairs acquired by high speed cameras. The challenge of the photogrammetric measurement of a highly dynamic phenomenon is the efficiency of the point measurement process in a large number of images. We present a method for automated detection, tracking and measurement of photogrammetric targets in the sequence of stereo images. The tracking process exploits the knowledge of the circular motion of the rotor blades, and thus of the targets, to reduce the space of search for correspondences. The vibration is derived as the deviation of the 3D reconstructed targets from the plane defined by the first two principal components of the target positions in a complete revolution. Our experimental results show the robustness and accuracy of the proposed method for vibration measurement in a highspeed image sequence.
INTRODUCTION
Analysis of aero-elastic stability is an important issue in the design of more stable and durable wind turbines [1, 2] . A main component in the aero-elastic stability analysis is the measurement of the vibrations of the rotor blades. The vibration measurement is usually performed in laboratory conditions: a model wind turbine is placed in a wind tunnel and the vibrations are sensed by contact or non-contact sensors at different wind speeds. Accelerometers, stress gauges and laser vibrometers have been used to measure the vibration. These sensors have limitations in terms of accuracy and susceptibility to external disturbances [3] .
In this paper we investigate the potential of photogrammetry for measuring the vibration of a model wind turbine. The photogrammetric measurement of a highly dynamic phenomenon such as the vibration of a wind turbine is challenged by the inefficiency of the manual point measurement procedure. In a typical setup, the rotor blades of a model wind turbine rotating at a speed of 400 rpm are subject to flapwise vibrations of up to 250 Hz. To be able to precisely reconstruct the vibration, the images should be acquired at a minimum rate of twice the vibration frequency according to the sampling theorem [4] . While high-speed cameras are capable of capturing images at a rate of 500 fps and above, the processing of the resulting large number of images poses a major challenge. To capture the motion on, for instance, 50 targets on the blades using a minimum of two convergent cameras operating at a frame rate of 500 fps we would need to make 50,000 image measurements for just one second of acquisition. In practice, making such a large number of measurements is feasible only by using a reliable automated target detection and measurement method.
The objective of this paper is to investigate the application of the photogrammetric approach to measuring the vibration of a model wind turbine. We present a method for automated detection, tracking and measurement of photogrammetric targets in a sequence of stereo image pairs obtained by high speed cameras. Prior knowledge about the circular motion of the rotor blades is used in the form of constraints to reduce the search for correspondences and predict the position of a target in successive frames. We evaluate the performance of the method in terms of robustness and accuracy.
The paper proceeds with an overview of the approach in Section 2. In Section 3, the method for the detection and tracking of the targets is described. Section 4 presents the experimental evaluation of the methods and discusses the results. The paper concludes with some remarks in Section 5.
AN OVERVIEW OF THE APPROACH
We consider a typical image acquisition setup consisting of two converging synchronous high-speed cameras in fixed positions, capturing the rotor blades of a model wind turbine marked with a number of circular retro-reflective targets. The main complexity in such a setup is to efficiently establish correspondence between the targets in every image pair but also in the successive frames throughout the sequence. A manual approach would be simply impractical. To establish the correspondences automatically we propose an approach consisting of three main processes, namely: orientation, target tracking, and reconstruction. Figure 1 shows a schematic representation of these processes.
The first process begins with the relative orientation of the first image pair of the sequence by manually establishing correspondence between the targets in the two images. To introduce the correct scale to the model, the base line between the cameras or a distance between two sufficiently apart targets is measured in the object space. Since the cameras are placed at fixed positions the relative orientation parameters remain unchanged for all image pairs in the sequence. In addition, the target correspondences across the stereo pairs remain valid throughout the sequence thanks to the synchronized exposure of the cameras.
In the second process, correspondence is established between the successive frames of each sequence. The targets are segmented and labeled in all frames. Then, initial correspondences are established between the targets in the first three frames of each sequence. Here, we enforce constraints derived from the circular motion of the targets in the object space and its local approximation in the images. Once correspondence is established between the targets in the first three frames the tracking begins. The position of each target is predicted in the next frame by extending the circular motion based on the known imaging speed (frame rate) and rotational speed of the turbine.
The third process concerns the 3D reconstruction of the targets by applying the photogrammetric forward intersection model to the corresponding targets in every image pair in the sequence. The reconstructed positions of the targets in the entire sequence describe the motion of the rotor blades in the 3D space. To define the plane of rotation the principal components of the 3D coordinates of a target in a complete revolution are calculated. The first two principal components define the plane of rotation. The deviation of the target positions from this plane along the third principal component (perpendicular to the plane) is measured as vibration. 
DETECTION, TRACKING AND SUBPIXEL MEASUREMENT OF TARGETS
As mentioned earlier, the correspondence across the pairs is established by manual relative orientation of the first image pair of the sequence. The correspondence throughout the sequence is established in two steps:
-Target detection: detecting the targets in the first three images and establishing correspondence between them; -Target tracking and measurement: fitting a least squares circle to the first three positions of a target to predict the location in the next frame. The center of the predicted target is measured by fitting a circle to the extracted edge pixels.
The following sections describe these steps.
Target detection
Image segmentation is the most straight forward method for the detection of the targets. Since the images contain mainly bright targets on a dark background a simple histogram thresholding can be used to segment the targets. The histogram thresholding procedure yields a binary image in which pixels with a value above the threshold are identified as target segments and are assigned a value of 1, while the other pixels are assigned a value of 0 identifying the background. The resulting segments are then labeled, and for each segment a center is calculated as the centroid of the pixels belonging to the segment. Figure 2 shows an example image of the targets, the corresponding histogram and the resulting segments. Once the targets are detected in the first three images the next step is to establish correspondence between them. A simple method to establish correspondence is to find for each target in one frame the nearest target in the next two frames. The limitation of this approach is that when the motion of a target in successive frames is larger than the distance between the targets the nearest target may be an incorrect correspondence. To avoid incorrect correspondences we apply our knowledge of the circular motion of the targets in the form of constraints in establishing correspondence. The blades of a wind turbine make a circular motion in object space, but in image space this can deform to an ellipse. However, a small segment of the ellipse in a sequence of three target positions may well be approximated locally by a circle.
To find the right correspondences between the targets of the three images, the first image is used as a reference. For every target in the first image, all possible combinations are made with targets from the second and third image. To all these possible combinations, a set of constraints are applied to eliminate incorrect correspondences. The constraints are based on the assumption that the wind turbine rotates with a constant speed and that the images are taken at a constant time interval. The constraints applied to the combination of successive targets are as follows: -Equal radius: the distance of the targets to the center of motion should be equal; -Equal angular motion: the angular motion with respect to the center of motion should be equal; -Angular motion ≈ mean angular motion: the angular motion of a target with respect to the center of motion should be equal to the mean angular motion of all targets; -Closest target: in case the outcome of the above constraints is still more than one correspondence the closest one is selected.
Target tracking
Once the correspondences between the targets of the first three images are established, a least squares circle can be fitted and the positions of the targets in the next frame can be predicted (see Figure 3 ). Once the targets in the fourth image are predicted the tracking begins. Based on the new position and the already known positions of the target in previous frames, the position in the next frame can be estimated.
In Figure 4 , a close up view is given of a predicted target. It can be noticed that the predicted position illustrated by the red stars is not at the center of the targets. If this position is used to predict the targets position in the next frame, this error will accumulate. If the center of the target is not corrected after a few iterations, the prediction will fall outside the target as it can be seen for the target marked by a circle in Figure 4 . In order to track the targets successfully in a sequence of images, the predicted positions are corrected to the actual target center measured with subpixel precision. This subpixel measurement of the target center is necessary for an accurate 3D reconstruction in object space, which is in turn essential for an accurate measurement of the vibration.
The subpixel target measurement is performed in four steps:
1. First, a window is selected around the predicted location to detect the edges; 2. Within the selected window, the edges are detected. In this study Canny edge detection [5] is used; 3. There might be irrelevant edge pixels not belonging to the target in the selected window, these are filtered out using RANSAC [6] ; 4. A circle is fitted to the filtered edges to calculate the center of the target with subpixel precision.
It cannot directly be assumed that the projection of a circular target in an image can be approximated by a circle. In practice, a circle deforms to an ellipse due to the perspective projection. In Figure 5 and Figure 6 examples of the shape of targets in image space are given. Knowing the deformations of a circular target in image space, it can be concluded that fitting an ellipse is better then fitting a circle to model the shape of the target. However, the goal in this study is not to model the shape, but to pin-point the center of the target with subpixel precision. To determine if there is a difference between the target centers calculated by a circle or an ellipse a test is performed. In the test a least-squares circle and ellipse are fitted to a set of points generated along an ellipse. By measuring the deviation between the centers pin-pointed by the circle and ellipse, it can be determined if a circle is sufficient to pin-point the target center. To fit a circle/ellipse to the edge pixels we consider the following scenarios: -Only 5 edge points randomly located on the target boundary are available; -360 evenly distributed edge points are available; -20 random edge points are available; -20 evenly distributed edge points are available.
The difference between the centers of both fitted models is given in Since the outcome of the edge detection algorithm is always a large number of evenly distributed edge points, a circle is sufficient to pin-point the target center. In practice, circle fitting is advantageous as it is computationally more efficient.
EXPERIMENTAL RESULTS

Experiment setup
The methods were tested for measuring the vibrations of a two-blade model wind turbine. The dimensions of the blade were as follows: length 724 mm, minimum chord length (blade width) 55 mm and maximum chord length 220 mm. The test was carried out in a wind tunnel, which blew laminar wind with a constant speed. The position of the wind turbine in the wind tunnel is illustrated in Figure 7 . The wind turbine was placed at approximately 2.5 meters in front of the air outlet. To measure the vibrations of the wind turbine a pair of high speed cameras was used with an acquisition frequency of 500 fps. The lens of the cameras had a focal length of 20 mm and the imaging sensor had a resolution of 1280 by 1024 pixels. To illuminate the objects in view a powerful flash was used. The base length between the cameras was approximately 1.5 meter. The position of the high speed cameras is illustrated in Figure 8 . The cameras were placed below the air outlet facing the wind turbine. The distance between the cameras and the wind turbine was approximately 2.5 meter. The cameras were fixed to the construction of the wind tunnel to eliminate any vibrations to the cameras that could be caused by the blowing wind (see Figure 9 ).
To identify measuring points on the blades of the wind turbine, sixteen retro-reflective targets were pasted on each blade. For the interior and exterior orientations, thirteen reference targets were placed on a frame constructed around the wind 
Tracking results
The automated target tracking techniques as described in Section 3 were applied to the two captured image sequences to obtain the image measurements of the target centers in all images. In Figure 11 the measured positions of two targets in the sequence of 115 frames (a complete revolution) are plotted in the first frame. The blue dots illustrate the track of the target with the largest rotational radius, the green dots illustrate the track of the target with the smallest rotational radius, and the red dots show the position of the two targets in the first frame. The track of the x and y coordinates of these two targets in the whole sequence of images are respectively given in Figure 12 and Figure 13 . The periodic variation of the x and y coordinates shows that the targets were tracked and measured correctly. 
3D Reconstruction results
Since the cameras were owned by a private company no information about the interior and exterior orientation parameters of the cameras was available. Therefore, a 2-step approach to the 3D reconstruction was devised. In the first step, a relative orientation was performed with the first two frames of each sequence using the PhotoModeler software, and the model coordinates were calculated using the Direct Linear Transform (DLT) model. In the second step, an absolute orientation of the resulting model coordinates was carried out using a separate photogrammetric measurement of the blades. This second measurement was done by the PhotoCore software to create a number of control points, which were used to scale the model coordinates of the targets through an affine transformation.
The model coordinates obtained from the relative orientation of the first frames of the two sequences are illustrated in Figure 14 . Since the orientation parameters of the cameras remain unchanged during the whole image acquisition process, the relative orientation parameters obtained for the first stereo pair were used to calculate the model coordinates for all stereo pairs in the sequence. In Figure 15 the blue targets are the calculated model coordinates and the red targets are the targets used to calculate the DLT parameters. An affine transformation was then calculated using the control targets (green points in Figure 17 ) and the model coordinates of the targets in the first stereo pair. The resulting affine parameters were applied to all model coordinates to calculate their object-space coordinates in a correct scale. The blue dots in Figure 18 illustrate the calculated object-space coordinates of the targets of the wind turbine in 115 frames. The red dots are the calculated object coordinates using PhotoCore.
Vibration Measurement results
The flapwise vibration of the blade was measured as the deviation of the targets from an ideal plane. The principal component analysis [7] was applied to the reconstructed target positions to identify the axes of maximum and minimum variation. The flapwise vibration was characterized as the deviation of the targets from the plane defined by the two axes of maximum variation, and thus along the axis of minimum variation here denoted as PC 3. Figure 19 shows an exaggerated vibration and the three principle components (the magenta arrows) of the positions (the blue dots) of a tracked target. The green plane is the least squares best-fit plane defined by the first and second principal components and the black lines are the vibrations in the direction of the third principal component. Figure 18 . Absolutely oriented object coordinated of the targets Figure 20 shows the vibration derived from the innermost target (in blue) and the outermost target (in magenta).The signal in Figure 20 includes besides the vibration also noise due to random errors in the measurements. To eliminate the noise a frequency-domain filtering was applied. The vibration signal was transformed to frequency domain using the Fast Fourier transform, and a threshold was applied to remove the low-amplitude high-frequency components. The filtered signal is shown in Figure 21 , where the magenta line is the original signal in time domain and the black line is the filtered signal. 
Accuracy Analysis
To evaluate the accuracy of target measurement in the image space an artificial target was made with a known center and the same dimension and radiometry as the targets in the images of the wind turbine. Gaussian noise was added with a mean of zero and standard deviation of three pixels. A point spread function with a radius of 2 pixels and motion blur of 3 pixels in x direction were applied to the artificial target to simulate the imaging conditions. The measured center of this artificial target was then compared with the known center to evaluate the accuracy of target measurement. Figure 22 shows the artificial target together with the measured as well as the known center. The red dots are the detected edges, the blue dot is the center of the fitted circle and the green dot is the known center. To obtain a reliable estimation of the accuracy of the pin-pointed target center the artificial target was generated 1000 times. The mean and standard deviation of the differences between the pin-pointed and the actual target center are given in Table 2 . It can be seen that the accuracy of the measured center is about 0.25 pixels, in which a large contribution is the motion blue in the x direction. Figure 22 . Artificial target, the measured center (blue) and the known center (green). Table 2 . Mean and standard deviation of the differences between the measured and actual position of the artificial target.
Mean (pixel) Std (pixel)
Difference in x -0.2348 -0.0634
Difference in y 0.0574 0.0905
The accuracy of the relative orientation was evaluated using the residuals of the image observations after the adjustment. The standard deviations of the residuals in both images are given in Table 3 . Note that the residuals are larger in the y direction because the image base and thus the epipolar lines are parallel to the image x-axis.
Evaluating the accuracy in object space requires reference measurements obtained independently with a higher accuracy. Such reference measurements were not available in our tests. Therefore, the object space accuracy was evaluated by means of the control points that were used for the scaling of the model. These points were used to apply an affine transformation to the model coordinates of the targets. Table 4 lists the standard deviation of the discrepancies between the coordinates of the control points and those of the transformed targets. From these standard deviations the positional accuracy of the measured targets in the object space is derived as 1.3 mm. To derive the accuracy of the measured vibration the errors given in Table 4 were propagated to the principal components. The resulting error in the direction of the third principal component, i.e. vibration, was found to be 0.6 mm. 
Robustness Analysis
To analyze the adequacy of the constraints for correspondence establishment, the constraints were applied to all three successive frames of the two sequences. The results were then compared with the tracking results shown in Section 4.2.
To verify the use of each constraint the test was repeated with several combinations of the constraints. In Table 5 the results of this test are given. It can be seen that the first and second constraint contribute to 99.66 % of correct correspondences. This is due to the fact that these two constraints define the basic parameters of a circular motion, namely radius and rotational angle. The third constraint is used to resolve ambiguity in few cases (0.33 %) where multiple correspondences have equal angular motion. The last constraint is not used at all, but it is necessary to ensure that one single correspondence is chosen in case an incorrect correspondence is not rejected by the previous constraints. To analyze the performance of correspondence selection at different image acquisition frequencies a range of acquisition frequencies was simulated by selecting every n th frame from the sequence with n determining the simulated frequency. The tracking results were compared with those presented in Section 4.2. Figure 23 shows the performance of correspondence selection at different acquisition frequencies. It can be seen that correct correspondences are found up to selecting every third frame equivalent to an acquisition frequency of 170 Hz. At lower acquisition frequencies the constraints are not sufficient for the elimination of all incorrect correspondences. Since for higher acquisition frequencies the data could not be simulated no test was performed for those frequencies. By using higher acquisition frequencies the motion between frames will become smaller making the correspondence selection more robust.
The image acquisition frequency also has an impact on the precision of the predicted target positions in successive frames. To analyze this impact the difference between the predicted location and the actual location of the targets was observed at different simulated image acquisition frequencies. In the original sequence, the largest deviation between the predicted and actual location was 4.3 pixels, which is still smaller than the radius of the target. This means that the predicted position was within the target in all frames at the original acquisition frequency. This deviation increases at simulated lower acquisition frequencies. Figure 24 shows that the predicted location is still on the target up to selecting every 9th frame equivalent to an acquisition frequency of 55 Hz. At acquisition frequencies between 55 Hz and 45 Hz the target is within the selected window. At acquisition frequencies below 45 Hz, the target will not be in the selected window and the tracking fails. 
CONCLUDING REMARKS
We presented a photogrammetric approach to measuring the vibration of a model wind turbine in a sequence of image pairs obtained by two high-speed cameras. Through the processes of orientation, target tracking, and reconstruction the circular motion of the targets is measured accurately and efficiently. The vibration is derived as the deviation of the target positions from the plane of rotation. From the experimental analysis of the performance of the methods the following general conclusions can be drawn:
-The photogrammetric measurement in an appropriate setup provides sufficient accuracy for the derivation of vibration; -Despite the large number of images, correspondence between the pairs and throughout the sequence can be established efficiently by using the tracking method; -Incorporating the knowledge of the circular motion of the blades increases the robustness and reliability of target detection and tracking.
A limitation of the current work was the unavailability of the cameras for a proper calibration procedure. The focal length affects the scale and the lens distortions result in systematic errors in the measurements. In the presented setup, the lens distortion has little influence on the measured vibration as the plane of rotation is perpendicular to the optical axes of the cameras. Also the measurements were properly scaled using control points. Camera calibration by using the knowledge of the observed rotation is however an interesting topic for further research. In future, we introduce the circular rotation of the rotor blades as a constraint in the bundle adjustment to estimate the lens distortion parameters of the cameras.
